Echocardiography is a reliable and reproducible method for evaluation of aortic insufficiency (AI). AI has a variety of etiologies, including congenital or acquired, and may present as an acute situation or as a chronic condition. Regardless of the clinical presentation, patient symptoms and physical signs may not be present unless the AI has progressed to a moderate or severe degree. As the severity of AI increases, there are changes in the pathophysiology of the heart, including an increase in left ventricle dimensions and chamber compliance. Echocardiographic methods to evaluate AI include two-dimensional, m-mode, color flow imaging, and pulsed wave and continuous wave Doppler. The combined use of multiple techniques provides more thorough and accurate quantification, both during follow-up of the disease process and after surgical correction.
echocardiography as can occur with the other cardiac valves. The most common cause of AI in the pediatric and young adult population is a congenital bicuspid aortic valve. This results from fusion or nondevelopment of the normal tri-leaflet valve in utero and subsequent formation of a raphe. The development and progression of AI is due to eccentric valve closure, leaflet prolapse, and consequent thickening and calcification that develops later as an adult. Degenerative aortic valve disease is the most common cause of AI in the older adult population. The aortic valve may be tri-leaflet, but with aging and other processes (i.e., atherosclerosis, hypertension), the calcification and fibrosis of the leaflets accelerate resulting in incomplete closure.
AI can result from rheumatic fever, infective endocarditis, ascending aortic aneurysm (with and without dissection), and Marfans syndrome. Patients with prior occurrence of rheumatic fever may have thickened valves more often due to fibrous and calcific infiltrates. Infective endocarditis, most commonly due to Staphylococcus aureus or Streptococcus B bacteremia, is associated with development of AI, particularly those patients with a bicuspid aortic valve. Complications such as valvular vegetations, formation of an aortic root abscess, or perforation of the valve leaflets can result in AI that may range from mild to severe, "wide-open" AI. Ascending aortic aneurysm, with or without dissection, is usually associated with AI and secondary to the aortic root dilatation. AI can also occur in the setting of acute blunt trauma to the chest. If aortic dissection originates at the level of the valve, the aortic cusp may have inadequate fibrous root support and result in severe AI. Marfans syndrome is a connective tissue disorder that leads to dilatation of the sinus of Valsalva and can extend to form ascending aortic aneurysm. The resultant aortic dilation enlarges the valve annulus and results in AI. 1 There are less common causes of AI, and these include ankylosing spondylitis, prolapse of the right aortic cusp from a ventricular septal defect, systemic hypertension, syphilitic aortitis, rheumatoid arthritis, and membranous subaortic stenosis. Ankylosing spondylitis is an inflammatory disease that results in fibrous thickening of the aortic walls and aortic cusps. Ventricular septal defect, especially the outlet form, creates a Venturi effect from the high-velocity left ventricular to right ventricular shunt flow through the defect that leads to prolapse of the right aortic cusp into the defect resulting in AI. Systemic hypertension often leads to aortic root dilation as well as microscopic valvular damage. The increased forward systolic force of flow across the valve can accelerate leaflet thickening and results in AI.
Rare causes of AI include lupus erythematosus, Jaccoud's arthrophaty, Takayasu's disease, Whipple's disease, Crohn's disease, Reiter's syndrome, Ehlers-Danlos, Osteogeneisis Imperfecta collagen-vascular disorders, and some glycogen storage diseases. Recent studies have reported that some anorexic drugs can cause valvular incompetence. 2 The prevalence of significant aortic regurgitation due to anorexic drugs, however, is low. 3 Once these drugs have been discontinued, valvular regurgitation does not progress and may even regress in severity. 4
Physical Examination
The physical findings and clinical presentation in a patient with AI are well-known, but often when the patient presents with symptoms, the degree of regurgitation has often progressed to moderate or severe. 5, 6 A specific sign present during physical examination is a widened pulse pressure. This is due to increased forward systolic flow as a compensatory mechanism for the retrograde diastolic flow in the ascending aorta. This sign, however, is not a reliable measure of severity. An increased or bounding carotid pulse can also occur owing to the increased forward flow. The diastolic murmur of AI is not usually detected unless the regurgitant volume is more than mild. When present, the murmur is holodiastolic, high pitched, and loudest at the left sternal border and is often described as a "to and fro" murmur. The loudness of the murmur correlates with severity. In chronic AI, the Austin Flint murmur is heard as a low-pitched mid-diastolic rumble at the apex due to the AI jet directed to the anterior mitral valve leaflet or left ventricular (LV) free wall. Typically, the apical impulse is displaced due to enlargement of the LV cavity. 7 Patients with chronic AI develop symptoms that eventually parallel development of heart failure with shortness of breath, dyspnea on exertion, and pedal edema. Symptoms can vary in patients depending on whether the AI is acute or chronic. Acute AI due to endocarditis or trauma is always associated with tachycardia, tachypnea, and pulmonary edema from the sudden increase in LV diastolic volume. Chronic AI can present in patients as a murmur, dyspnea on exertion (or at rest), angina, orthopnea, and possibly syncope.
Pathophysiology
The changes in LV structure from AI are due to a combination of volume and pressure overload (see Table 2 ). As the regurgitant volume of AI increases, the left ventricle compensates by three factors: (1) increased LV end diastolic volume (hence the increase in LV end diastolic measurements), (2) increased LV chamber compliance or the ability to accommodate the increased volume at relatively normal or modestly elevated LV diastolic filling pressures, and (3) increased relative wall thickness, not always visually appreciated because of the increase in LV dimensions. When these compensatory mechanisms no longer operate effectively, the left ventricle size and function can become irreversibly impaired. Further LV dilatation results in decreases in LV ejection fraction, left ventricular diastolic compliance decreases, and myocardial interstitial fibrosis develops. 8 The resultant left ventricular mass can be as great as 1000 gm (normal is < 250 gm). The decreases in left ventricular performance result in progression of symptoms including dyspnea, especially on exertion. Death can occur from ventricular arrhythmias due to the ventricular dilatation, pulmonary edema from the increased LV diastolic pressures (especially in acute AI), and circulatory collapse at end stage.
Natural History
Aortic insufficiency can be detected in 13% of men and 8.5% of women in the general population. 9 The rate at which AI may progress is variable and depends on etiology and hemodynamics. If AI is detected at clinical examination and an echocardiogram is performed, it is recommended the patient have at least a clinical examination every three to six months to evaluate the rate of the progression. If the patient is clinically stable, follow-up can be done yearly unless symptoms develop. After diagnosis, there is a 75% survival rate at five years, and 50% survival at ten years. The rate of progression of patients with asymptomatic AI and normal LV function to LV systolic dysfunction averages 4.3% per year. 8, 10, 11 However, 25% of patients may die or develop systolic dysfunction before onset of symptoms. 5, 6 Long-term follow-up (ten years) reveals approximately 75% of patients either die or have surgical correction. Although appropriate management has been reported to have an average mortality of 0.2%, 12 there remains increased mortality and morbidity. 13 When symptoms of congestive heart failure develop, patient survival is markedly compromised and, without treatment, death occurs within two years after the onset of heart failure. Independent predictors of outcome include the development of symptoms, patient age, resting ejection fraction, and end systolic LV dimensions and are crucial factors useful in predicting the timing of surgery. 6
Echocardiographic (echo) Predictors of Outcome
Although progression of AI is variable from patient to patient, there are echo measurements that can be used to monitor the hemodynamic burden imposed on the LV. Moderate to severe AI is associated with an LV end diastolic dimension greater than 7 cm, an LV end systolic dimension greater than 5 cm, an LV ejection fraction less than 50%, and an LV end systolic wall stress greater than 86 dynes/cm 2 . Patients with these echocardiographic findings are at greater risk of heart failure and poor clinical outcomes, even with corrective surgery. When the LV systolic dimension is less than 5 cm, patients are likely to remain clinically stable for at least five years. 6 If LV systolic dimensions exceed 5 cm, the risk of developing symptoms, LV dysfunction, or death is 19% annually. 5 Exercise stress echo has been used to assess the severity of aortic insufficiency by assessment of changes in ejection fraction and amount of regurgitation between rest and peak exercise. However, changes in ejection fraction with stress echo are not reliable for prediction of progression because the response of ejection fraction at peak exercise is commonly abnormal. 14 This is likely a result of many compounding factors that affect the degree of AI and ejection fraction (i.e., loading conditions) during exercise. Dobutamine stress echo can be used to predict the postoperative response and recovery of left ventricular function after valve replacement. 15 Table 3 outlines a comprehensive echocardiographic examination that can be performed in the patient with aortic insufficiency.
Echocardiographic Methods of Evaluation

Two-Dimensional Echocardiography
Two-dimensional (2D) imaging is important to define the etiology of AI. The use of multiple windows, especially the parasternal views, assists in clarifying not only the cause but also the extent of the structural valvular abnormality including LV chamber dimensions and wall thickness. The aortic size at the annulus, sinus of Valsalva, and ascending portion (see Fig. 1 ), as well as the LV outflow tract diameter, are useful for quantification. Additional important measurements include the LV mass (in gms/m 2 ), which can be derived in patients using cross-sectional views of the LV endocardial and epicardial wall thickness and the length of the LV. The apical four-and two-chamber views are used for measurements of the mitral annular diameter, LV long axis length, LV volumes, and ejection fraction. When LV dilatation is present, mitral annular dilation can occur and results in mitral regurgitation. 
M-Mode Echocardiography
M-mode remains the preferred method to quantify the LV dilatation ( Fig. 2) and degree of LV hypertrophy (LV mass). Because of its reproducibility, M-mode is commonly used for serial follow-up of patients with AI. The increase in LV mass, typical of patients with AI, is more often due to ventricular dilatation, and wall thickness may be only minimally increased. Measurements of LV wall stress (expressed in dynes/cm 2 ) have been used as an indicator of AI severity, but the echocardiographic estimation is technically difficult, not always reproducible or suitable for long-term follow-up. Mitral valve (MV) motion is important for the detection of premature closure of the MV and can be seen in acute AI. Although diastolic fluttering of the anterior mitral valve leaflet due to the AI is well-known, it is only detected if the regurgitant jet is eccentrically directed toward the MV.
Color Flow Imaging
The evaluation of AI using color flow imaging ( Fig. 3 ) has proved to be a reliable and reproducible method that correlates well with aortic root angiography. 16, 17 The most common measurement incorporates the parasternal long axis ratio of the jet height with the LV outflow tract (LVOT) height ( Fig. 4) at the origin of the jet in the LVOT. 17 Mild AI is present when the ratio is less than 25%, while a ratio greater than 40% is consistent with severe AI. This method provides excellent separation of patients compared with angiography 17 and is applicable in a large number of patients. An additional measurement in the parasternal long axis is the absolute jet height 18 and, if less than 0.8 cm, suggests mild to moderate AI, but if greater than 0.8 cm, implies moderate to severe AI. This measurement is reliable and reproducible when compared to angiography but may be unreliable if the jet is eccentric. 18, 19 Color flow measurements of the AI jet area in the short axis view are expressed as the ratio of the area of the regurgitant jet to the LV outflow tract area (see Fig. 5 ). This ratio is most accurate when taken just below the level of the aortic valve. 17, 20 If the ratio is less than 25%, the severity of AI is considered mild to moderate, but greater than 25% suggests moderate to severe AI. The ratio of the AI jet area (see Fig. 6 ) compared to the area of the LV cavity in the apical four-chamber window is another color flow measurement 21 but is problematic because of the diastolic mitral inflow obscuring the AI jet. 22 In addition, this measurement can be highly variable and has a poor correlation with angiography. 20
Pulsed Wave (PW) Doppler
PW Doppler can be used for evaluation of AI. The most reliable application that correlates best with angiographic grading is sampling of flow velocities in 4 the descending aorta from the suprasternal notch with measurements of the time and duration of diastolic flow reversal (see Fig. 7 ). These findings are present in moderate to severe AI in the proximal descending aorta and thoracic aorta. Abdominal aortic flow, obtained from the subcostal view, may also demonstrate diastolic flow reversal in severe AI. 20 The apical five-chamber view can be employed with PW sampling of flow velocities in the LV outflow tract for detection of AI and provides an indirect method of assessing severity. As the regurgitant volume increases, the velocity of flow and the flow velocity integral in the LVOT will increase. An additional approach can include the quantitative determination of regurgitant volume and fraction. This requires measurement of the stroke volume (SV) in the LV outflow tract, compared to SV measured at another site (mitral annulus or right ventricular outflow tract) to determine the severity of AI (see Fig. 8 ). With increasing severity of AI, the SV will be greater in the LV outflow compared with other sites. Several studies have shown good correlations between echo-Doppler-derived regurgitant fraction and angiography or radionuclide ventriculography, but several limitations of the technique are inherent. 19, 20, 23 Measurements of annular areas can be difficult to reproduce, and any concomitant stenosis or regurgitation, decreased stroke volume or ejection fraction, or abnormal heart rhythms reduces the reliability. 20, 24, 25 
Continuous Wave (CW) Doppler
Several studies have reported CW Doppler to be accurate for quantifying AI compared to cardiac catherization. 24, 26, 27 Measurements are obtained from the apical approach and require clear delineation of the entire diastolic regurgitant jet envelope. This may necessitate using a nonimaging probe in some patients. Pressure half time is measured from the diastolic regurgitant jet velocity decay from early diastole to end diastole (see Fig. 9 ) and expressed as the time (in msec) it takes for the pressure difference between the LV and the aorta to reach half of its original peak pressure. 28 Severe AI should be considered when the pressure half time is less than 300 msec. 24, 29 Deceleration slope is the rate of decline of the regurgitant gradient measured during diastole. 24, 28 Hemodynamically, it is the rate at which the aortic and LV pressure equilibrate during diastole. 26, 30 AI is considered mild when the deceleration slope is less than 2 m/sec 2 and severe when the slope is greater than 3 m/sec 2 . Measurements of deceleration slope have been reported to have 100% specificity in estimating severity of AI. 29 Both of these measurements appear to correlate well with aortic root angiography, but there are several physiologic and technical considerations. An increase in heart rate can overestimate the severity of AI when based on pressure half time. 30 Physiologically, these measurements are also influenced by systemic vascular resistance and LV ventricular diastolic compliance, preload, and afterload. 30, 31 The relationship to severity is also influenced by presence of LV hypertrophy, LV diastolic dysfunction, stroke volume, and concomitant valvular stenosis or regurgitation. 30, 32, 33 Technical difficulties include misalignment of the CW cursor, which is a common technical problem, especially with eccentric jets. 34 If the cursor alignment is nonparallel by more than 20 degrees from the regurgitant jet, the measurements of pressure half time or deceleration slope will not be reliable. 27 Table 4 summarizes by rank the best methods for determining severity of AI with the various Doppler techniques, and Table 5 demonstrates the grading degree of AI by Doppler. 2 ) and the flow velocity integral was 28 cm, which yield a higher stroke volume of 116 ml. The regurgitant volume was 32 ml and the regurgitant fraction was 28%, both consistent with mild aortic insufficiency.
Newer Methods for Quantification
Proximal isovelocity surface area is a recently proposed method for quantification of AI. 35 Although the studies conducted in the research setting have a reported good correlation, when compared to regurgitant volume by other methods, clinical studies disclosed difficulty with reproducibility and accuracy. Three-dimensional (3D) echocardiography is another technique for quantifying jet dimensions and volumes and was recently reported to have good correlation with angiography and electromagnetic flowmeter measurements. 36 Although 3D looks very promising for future clinical use, the cost and time involved in the quantification are limitations at present.
Surgery for Correction of AI
Aortic valve replacement (AVR) is indicated in patients with chronic, severe AI who are either (1) symptomatic, with or without LV dysfunction, or (2) asymptomatic but exhibit marked LV dilatation (LV end diastolic dimension > 7.5 cm, LV end systolic dimension > 5.5 cm), with or without LV dysfunction. Normalization of LV size and function is possible after AVR (see Table 6 ), particularly if performed prior to the onset of marked LV enlargement or LV systolic dysfunction. 37 Factors that can affect postoperative recovery of LV systolic function include (1) the severity of preoperative symptoms, (2) the 38 Replacement of the valve is more often preferred with a mechanical, porcine, homograft, or autograft valve. Newer surgical approaches include the David procedure, in which the native aortic valve is resuspended in a prosthetic conduit, or the Ross procedure. This latter method involves replacement of the aortic valve with the native pulmonic valve and a prosthetic valve homograft inserted in the pulmonary valve position. Aortic root reconstruction may be necessary in some patients due to the dilation of the aortic root from progressive AI or other conditions (i.e., dissection, Marfans syndrome) and is considered necessary when the aortic root diameter is greater than 5 cm by echocardiography.
Conclusion
The use of echocardiography in the detection and follow-up of AI is an important noninvasive method that increases diagnostic reliability beyond the clinical examination. The use of multiple echocardiographic criteria in the evaluation of AI will ensure a more comprehensive and reliable noninvasive examination that will further aid in the management of AI prior to and after aortic valve replacement when necessary. 
